One of the defining features of episodic long-term memory is that it includes information about the temporal context in which an event occurred. Little is known about the regions that support the encoding of temporal information in the human brain, although previous work has suggested a role for the lateral prefrontal cortex (PFC) and medial temporal lobes (MTL). Here we used event-related fMRI to examine the relationship between activity at encoding and subsequent memory for temporal context. Participants were scanned while performing a serial order working memory task with pictures of common objects and were later tested for temporal memory at two different timescales. In the coarse temporal memory test, participants viewed one object from each trial and indicated approximately when during the course of the experiment it had appeared. In the fine temporal memory test, participants were shown the remaining objects from each trial and asked to recall the order in which they had been originally presented. Activity in the parahippocampal cortex predicted subsequent fine temporal accuracy, whereas coarse temporal accuracy was predicted by activity in several regions of the PFC, as well as in the hippocampus. Additional multivoxel pattern analyses revealed evidence implicating the rostrolateral PFC in the representation of time-varying contextual states in a manner similar to that proposed by computational theories of temporal context memory. These results highlight MTL and PFC contributions to temporal memory at the time of encoding and suggest a particular role for the rostrolateral PFC in encoding coarse temporal context.
Introduction
Episodic memories contain information not only about the content of an event, but about the temporal context in which the event occurred (Tulving, 1972 (Tulving, , 1993 . This may include information at a very fine level of temporal detail (e.g., the order of words in a list) but may also include broader, more general temporal context information (e.g., the approximate time when the list was encountered). Although temporal memory has been well studied in the behavioral literature (for review, see Friedman, 1993; Marshuetz, 2005) , the neural mechanisms responsible for encoding and representing temporal information at any timescale are poorly understood, especially in the human brain.
Available evidence implicates the prefrontal cortex (PFC) and medial temporal lobes (MTL) as regions critical to temporal context memory. For instance, patients with lesions to the PFC are often impaired at tasks involving memory for the order in which items are presented, even though item recognition memory is relatively well preserved (Milner, 1971; Milner et al., 1985 Milner et al., , 1991 Shimamura et al., 1990; Kesner et al., 1994; Mangels, 1997) . Lesion and physiology studies in rodents suggest that the hippocampus may also be critical for sequence learning (Kesner and Novak, 1982; Agster et al., 2002; Fortin et al., 2002) , and recent ensemble recordings from rat hippocampal neurons suggest that gradual changes in firing patterns over time may underlie memory for the order of specific events (Manns et al., 2007) . Human neuroimaging studies have found evidence for both PFC (EylerZorilla et al., 1996; Cabeza et al., 1997 Cabeza et al., , 2002 Konishi et al., 2002; Suzuki et al., 2002; Dobbins et al., 2003; Amiez and Petrides, 2007; St. Jacques et al., 2008; Kimura et al., 2010) and MTL (St. Jacques et al., 2008; Lehn et al., 2009; Tubridy and Davachi, 2010) involvement in long-term temporal-order memory, but with the exception of Tubridy and Davachi (2010) , these studies focused exclusively on activity during retrieval.
Here, we used event-related fMRI to assess the relative roles of the PFC, MTL, and other regions in the long-term encoding of temporal information. We also sought to determine whether the mechanisms involved in encoding fine temporal sequences might differ from those that support memory for temporal context across broader timescales. Participants were scanned while performing a working memory task that required them to maintain the order of four objects over a delay. After scanning, memory for the order of the presented objects was assessed at two different timescales. In the fine temporal memory test, participants were asked to recall the order of objects within each working memory trial. In the coarse temporal memory test, participants were asked to remember the order of items across trials. We then examined activity during each trial as a function of subsequent memory performance on the fine and coarse temporal memory tests. In light of theoretical models stressing a gradually evolving contextual representation as the basis for temporal order memory (Howard and Kahana, 2002) , we also investigated whether trialto-trial changes in multivoxel activation patterns would predict successful encoding of temporal context.
Materials and Methods
Participants. Sixteen healthy, right-handed volunteers (eight females; mean age ϭ 23.06 years; SD ϭ 2.82) were recruited from the University of California at Davis student population and paid for their participation. All participants gave informed written consent before scanning. Data from one participant was discarded due to excessive movement artifacts.
Experimental procedure. Stimuli consisted of 288 color photographs of everyday objects, which participants viewed in the context of a serial order working memory task. Each trial began with an encoding period, in which four objects were presented sequentially for 1.5 s each (Fig. 1 A) . After an 8 s delay, a probe object from the previous set appeared for 4 s, and participants were instructed to press one of four buttons on a response box indicating its correct serial position. Trials were separated by a randomly jittered intertrial interval of 6, 9, or 12 s. A total of 72 trials were presented across six 6.3 min scanning runs, for a total functional scanning time of ϳ45 min.
Two surprise memory tests were administered out of the scanner, ϳ20 min after the end of the functional runs. In the coarse temporal memory test, which was given first, participants were shown the probed object from each trial of the working memory task on a computer screen and were instructed to mark on a blank horizontal line approximately when in the experiment the object appeared (Fig. 1 B) . They were encouraged to use the full length of the scale, with the left endpoint representing the beginning of the encoding task and the right endpoint representing the end. To minimize the likelihood of item memory, as opposed to temporal order memory, influencing the results, participants were instructed to respond only if they recognized the object from the study phase.
In the fine temporal memory test, which was administered after completion of the coarse temporal memory test, participants were shown the remaining three objects from each trial in a random order and were asked to indicate via button press the order in which the objects originally appeared (Fig. 1C) . Only nonprobed objects were included to reduce interference from probed objects, which had appeared twice in each trial. As in the coarse temporal memory test, participants were instructed not to respond to a trial unless they remembered all three objects from the previous working memory task.
Temporal recall accuracy. Fine temporal memory scores were calculated for each trial based on the number of pairwise temporal relationships correctly recalled among the three objects. A score of 3 was given when all three objects were recalled in the correct order (e.g., 1, 2, 3: 1 before 2, 1 before 3, 2 before 3). A score of 2 was given when two pairs of objects were recalled in the correct order (e.g., 1, 3, 2: 1 before 3, 1 before 2), and a score of 1 was given when only one pair of objects was in the correct order (e.g., 3, 1, 2: 1 before 2). A score of 0 was given when all three objects were placed in reverse order (e.g., 3, 2, 1). For the fMRI analysis, trials with a score of 3 were binned as Hits, and trials with a score of 0 or 1 were binned as Misses, resulting in two groups of approximately equal size (mean Hits ϭ 28.86; mean Misses ϭ 25.50). Data from one participant was excluded from the fine temporal memory analysis because of a technical problem during data collection.
Coarse temporal accuracy was calculated by comparing the participant's estimate of when a trial occurred (i.e., the location of the mark on the horizontal line) with the actual time of occurrence. If the participant marked a point on the line corresponding to the 20th trial, for example, when the trial had in fact been the fifth, then the memory for that trial was considered to be displaced forward in time. Unfortunately, a general bias among participants against using the ends of the scale, as well as a tendency to bias responses toward the beginning of the scale, prevented us from using absolute deviation as a measure of coarse temporal accuracy. This is illustrated in Figure 2 A, which depicts the responses of a single representative participant. The participant marked no trials as having occurred during the last sixth of the experiment. If accuracy were measured as the deviation between actual and estimated time of occurrence (i.e., distance from the dashed line), then nearly all the trials from the last third of the experiment would be considered inaccurate.
To account for these response biases, we measured accuracy for each participant by regressing the estimated temporal position against the actual temporal position of each trial (Fig. 2 A, solid line) . The residual error associated with a particular trial (i.e., the distance from the regression line) represents the degree to which the participant's memory of the time of occurrence was displaced forward or backward in time. Errors above the regression line indicate forward displacement, errors below the line indicate backward displacement, and small errors indicate greater accuracy relative to larger errors. For the fMRI analyses, the one-third of trials with the smallest absolute errors were binned as Hits (Fig. 2 A,  green) , and the one-third of trials with the most extreme absolute errors were binned as Misses (Fig. 2 A, red) .
Imaging acquisition and preprocessing. MRI data were acquired using a 3T Siemens Trio scanner equipped with an eight-channel phased-array head coil. Padding and adjustable head restraints were used to minimize head motion. Functional data were obtained with a gradient echoplanar imaging sequence (repetition time, 2 s; echo time, 25 ms; field of view, 220; 64 ϫ 64 matrix). Each volume consisted of 34 axial slices, each with a slice thickness of 3.4 mm with no interslice gap, resulting in a voxel size Figure 1 . A, Sample trial sequence. Four objects were presented for 1.5 s each. A 4 s probe appeared after an 8 s delay period, at which time participants indicated the serial position of the probed object. B, Sample coarse temporal memory test item. Participants were shown one object from the trial and asked to mark on the line approximately when in the experiment it had appeared. C, Sample fine temporal memory test item. Subjects were shown the remaining three objects from the trial and asked to recall the original order of presentation. of 3.4 mm isotropic. Coplanar T1-weighted images were acquired using an MP-RAGE sequence (192 slices, 256 ϫ 256 matrix, 1 mm isotropic voxels).
fMRI preprocessing and statistical analyses were conducted using SPM5 (http://www.fil.ion.ucl.ac.uk/spm/) customized with in-house scripts. Functional images were sinc interpolated to correct for slice timing, realigned to the mean image using a six-parameter, rigid-body transformation, and normalized to a common template (Montreal Neuroimaging Institute) using subject-specific dropout masks to reduce image distortion (Brett et al., 2001) . Normalized images were resliced into 3 mm isotropic voxels and smoothed with an 8 mm full-width half-maximum Gaussian filter. fMRI data analysis. Two different general linear model (GLM) analyses were conducted on the functional data at the individual level, one to detect activity associated with fine temporal accuracy, the other coarse temporal accuracy. Both contained identical design elements. Separate regressors were included to model each phase of the working memory task-encoding, delay, and probe-with the onsets and offsets of adjacent task phases spaced apart to minimize the chance of activity in one phase loading on the covariate of the next phase. Trials binned as Hits and Misses were modeled separately, and the remaining trials, along with trials associated with incorrect responses on the working memory task, were modeled with a third set of regressors. Task regressors were created by convolving the appropriate boxcar functions with the canonical hemodynamic response function included in SPM5. Additional nuisance regressors were included to model the six movement parameters obtained during realignment, along with regressors modeling baseline and sessions effects.
Contrast images were generated for each participant by subtracting the parameter estimates associated with Miss trials from those associated with Hit trials during each task phase, and these images were submitted to random-effects t tests at the group level. The resulting statistical parametric maps (SPMs) were subjected to an uncorrected voxelwise threshold of p Ͻ 0.001. To correct for multiple comparisons, a cluster extent threshold of six contiguous voxels was adopted within the MTL and PFC regions of interest, corresponding to a corrected p Ͻ 0.05. A more stringent threshold of 12 voxels was used for data outside of these regions. Extent thresholds were calculated based on gray matter volume using a Monte Carlo simulation implemented by the AFNI AlphaSim tool (http://afni.nimh.nih.gov/pub/dist/doc/manual/AlphaSim.pdf).
To improve statistical power within the MTL, contrast images were registered across participants using the Diffeomorphic Demons algorithm included in the MedINRIA software package (v. 1.8.0; Asclepios Research Team) (Vercauteren et al., 2007; Yassa and Stark, 2009 ). Anatomical regions of interest, including the bilateral hippocampus and parahippocampal gyrus, were manually traced for each participant, using the normalized coplanar MP-RAGE images for definition. A single participant was then chosen as a model, to which the regions of interest (ROIs) of the remaining participants were registered. The resulting deformation fields were applied to the individual contrast maps, resulting in a parallel set of group level SPMs with optimized MTL alignment. Activated clusters within the MTL region of interest were reported from these aligned SPMs, whereas all non-MTL clusters were reported from the original, untransformed SPMs.
To analyze the change in multivoxel activation patterns across trials, we first selected PFC and MTL clusters from the coarse temporal memory contrast that were sufficiently large (k Ͼ 30). An exception was made for the hippocampus cluster from the coarse memory analysis, which was enlarged to 95 voxels by dropping the activation threshold to p Ͻ 0.005. Vectors of delay period beta values were extracted from each of these regions of interest, one vector for each trial of the experiment. The trialspecific beta maps from which these values were taken were estimated from an additional GLM analysis that modeled each trial separately. Vector similarity was calculated between each trial and its temporally adjacent neighbors (lags Ϯ 1, 2, 3, and 4) by taking the Euclidean distance between the two trial vectors and dividing by the number of voxels in the ROI. These distance indices were calculated separately for trials binned as accurate and inaccurate according to responses on the coarse temporal memory test. The first and last four trials of the experiment were discarded from the analysis, since distance information was not available for these trials at all lags.
Results

Behavioral
Accuracy on the working memory task was high overall (mean ϭ 97%, SEM ϭ 1%), with no participant answering Ͻ89% of trials correctly. Mean reaction time for correct responses was 1136 ms (SEM ϭ 79 ms). Subsequent performance on the fine temporal memory test was significantly above chance, with the average participant able to recall the correct serial order for 35% of trials (SEM ϭ 2%), compared with the 17% expected by random guessing ( p ϭ 0.00001). In contrast, a low score of 0 or 1 was obtained on only 40% of trials, less than the 50% expected by guessing ( p ϭ 0.06). The average percentage of trials for which the participant failed to recognize one or more of the objects was 6% (SEM ϭ 2%).
The correlation between actual and recalled temporal position on the coarse temporal memory test was 0.37 on average ( p ϭ 0.001), indicating that participants were able to place a given trial in its correct temporal context with a significant degree of accuracy. Figure 2 B shows the absolute residual error associated with each trial, group-averaged and plotted against time. It reveals a significant linear relationship (r ϭ Ϫ0.43, p Ͻ 0.001), with accuracy increasing the later in the experiment a trial occurs. Similar examples of a temporal recency effect have been reported previously (Hinrichs and Buschke, 1968; Hintzman et al., 1973; McCormack, 1984) . The average percentage of trials for which the participant failed to recognize the object was 2% (SEM ϭ 1%).
Imaging
Fine temporal memory
To identify regions in which activity during the working memory task predicted accurate performance on the fine temporal memory test, we contrasted trials for which participants recalled the correct serial order (a score of 3) with trials for which little or no serial order information was retained (a score of 0 or 1). As shown in Figure 3 and Table 1 , this contrast revealed significant activation within the posterior parahippocampal cortex during both the encoding and delay periods of the task. No significant activity was observed in other MTL regions or in the prefrontal regions of interest. A whole-brain analysis revealed additional delay period activation in left premotor cortex as well as a number of posterior visual processing areas (Henson et al., 2000) . Table 2 lists regions of significant activation revealed by contrasting accurate with inaccurate trials based on the residual errors calculated from each participant's coarse memory posttest (see Materials and Methods). Temporal context memory was predicted by activity, primarily during the delay period, in a robust network of regions (Fig. 4 A) . Within our a priori regions of interest, these included the left rostrolateral PFC (RLPFC; BA 10), left ventrolateral PFC (VLPFC; BA 44/45), and left dorsolateral PFC (DLPFC; BA 45/46), as well as the right anterior hippocampus. The whole-brain analysis revealed additional delay-period activation in bilateral premotor cortex, bilateral angular gyrus, and the basal ganglia. A test of the opposite contrast, which would indicate greater activity for inaccurate than for accurate trials, revealed nothing above threshold.
Coarse temporal memory
To confirm that the activation described above predicted general temporal accuracy and was not driven primarily by errors in one direction or another, we compared delay period activity for accurate trials to activity for trials with backward and forward displacement errors within each of our PFC and MTL clusters. The line graphs in Figure 4 B show that mean activity was greater for trials that were later recalled accurately than for trials that were displaced either backward or forward in time, respectively, in the RLPFC (F (1,14) ϭ 4.96, p ϭ 0.04; F (1,14) ϭ 13.89, p ϭ 0.002), DLPFC (F (1,14) ϭ 3.18, p ϭ 0.10; F (1,14) ϭ 23.13, p Ͻ 0.001), VLPFC (F (1,14) ϭ 10.31, p ϭ 0.006; F (1,14) ϭ 11.34, p ϭ 0.005), and hippocampus (F (1,14) ϭ 7.11, p ϭ 0.003; F (1,14) ϭ 7.11, p ϭ 0.007).
Given that late-occurring trials were, on average, relatively more accurate than earlier trials (Fig. 2 B) , we conducted an additional analysis to rule out time of presentation as a possible confound. Including additional regressors in the GLM to model a linear change in response magnitude over time had little effect on the observed pattern of activation. Thus, it is unlikely that our results are due to any time-dependent process, such as fatigue or training effects.
Having identified regions in which the magnitude of activation during encoding predicted accurate coarse temporal memory, we went on to investigate whether the pattern of activation across voxels within those regions might also convey temporal information. Several computational theories of temporal order memory (Brown et al., 2000; Howard and Kahana, 2002; Polyn et al., 2009a) have proposed a gradually evolving contextual representation that, when bound to an item at encoding, provides an important cue as to when that item was encountered. Given that multivoxel pattern analysis has been used successfully to differentiate between cognitive states (Haynes and Rees, 2005; Polyn et al., 2005; Hampton and O'Doherty, 2007; Haynes et al., 2007) , we reasoned that if any part of our activated network were involved in maintaining and integrating contextual representations, then the multivoxel patterns in those areas should become gradually more dissimilar with increasing temporal distance (Manns et al., 2007; Manning et al., 2010) . We also expected that pattern similarity between a given trial and temporally adjacent trials would relate to performance on the coarse temporal memory test. Previous behavioral work suggests that order memory is improved when items are encoded in distinctive contexts, such as in different rooms (Block, 1982) or during different task blocks (Underwood, 1977) . Accordingly, we predicted that the more distinctive a participant's internal representation of context for a given trial, the more accurately the participant would be able to place that trial in time.
Using PFC and MTL clusters from the coarse temporal memory contrast as regions of interest, we first extracted a vector of delay period beta values from each trial of the experiment, with the length of that vector (N) equal to the number of voxels in the ROI. We then measured the pattern similarity between the target trial and adjacent trials at lags Ϯ 1, 2, 3, and 4 for both accurate and inaccurate trials. A multivariate distance index was created by plotting each vector as a point in N-dimensional space, calculating the Euclidean distance between target and lag trial vectors, and dividing by N (to compensate for small differences in voxel count). Distance indices from the RLPFC ROI are plotted as a function of accuracy and lag in Figure 5A . A 2 (accuracy) ϫ 2 (direction: forward vs backward) ϫ 4 (lag) repeated-measures ANOVA revealed significant main effects for accuracy (F (1,14) ϭ 6.59, p ϭ 0.02) and lag (F (1,12) ϭ 8.64, p ϭ 0.003) and a marginally significant main effect for direction (F (1,14) ϭ 4.30, p ϭ 0.06). There were no significant interaction effects. These findings indicate that activation patterns in the RLPFC were progressively more dissimilar over increasing temporal lags and that the dissimilarity between a given trial and its adjacent neighbors in either direction was greater for accurate than for inaccurate trials. The same analysis conducted on pattern similarity in the VLPFC (Fig. 5B) , in contrast, yielded only a main effect of lag (F (1,12) ϭ 9.88, p ϭ 0.001). An analysis of the right hippocampus region of interest produced no significant effects. The effect of accuracy on pattern similarity illustrated in Figure 5A could potentially be discounted as a statistical artifact, given that the RLPFC region of interest was defined functionally as an area in which activity was significantly greater during accurate than during inaccurate trials. Due to regression to the mean, activity in this region during any given accurate trial will, on average, be greater than during adjacent trials, and differences in mean activity alone could conceivably drive differences in pattern similarity. To account for this possibility, we conducted an additional multivariate analysis on the RLPFC data, this time calculating the distance between meancentered pattern vectors to control for differences in overall activity level. Pattern dissimilarity between accurate trials and adjacent trials remained significantly greater than for inaccurate trials (F (1,14) ϭ 5.88, p ϭ 0.03), indicating that the accuracy effect cannot be accounted for by differences in mean activity alone.
Discussion
In this experiment, we examined the neural correlates of temporal context encoding at two timescales, one associated with the order of events within a single encoding episode, the other with the order of events across encoding episodes. Long-term memory for fine temporal sequences was predicted by activity in the posterior parahippocampal cortex (PHC), whereas coarse temporal memory was predicted by activity in RLPFC, DLPFC, VLPFC, and the hippocampus. Additional multivoxel pattern analyses revealed evidence implicating the RLPFC in the representation of timevarying contextual states in a manner similar to that proposed by computational theories of temporal context memory.
Lateral PFC supports coarse temporal context memory
Findings from human lesion and neuroimaging studies implicating the PFC in long-term temporal order memory have typically used recency discrimination tasks, which require a decision about the relative order of two items on a previously studied list. Patients with PFC lesions often perform poorly at recency discrimination, even though item recognition is relatively spared (McAndrews and Milner, 1991; Milner et al., 1991; Butters et al., 1994; Kesner et al., 1994; Duarte et al., 2010) , and imaging studies have likewise shown increased PFC activation during recency discrimination relative to item recognition tasks (Cabeza et al., 1997 (Cabeza et al., , 2002 Suzuki et al., 2002) . However, these earlier results could also be interpreted to suggest a more general role for the PFC in making fine-grained retrieval decisions (e.g., by implementing domain general monitoring and evaluative processes) (Ranganath et al., 2000) . In contrast, the results of the present study provide direct evidence for lateral PFC involvement in temporal context encoding.
The finding that activity in the PFC predicted coarse temporal memory but not memory for fine temporal sequences might seem to contradict evidence from primate lesion (Petrides, 1991) and neurophysiology studies (Ninokura et al., 2003 (Ninokura et al., , 2004 , as well as from human neuroimaging studies (Amiez and Petrides, 2007) indicating a role for the PFC in the short-term maintenance of sequences of objects. Our results are consistent in this respect with those of Tubridy and Davachi (2010) (see below), who also did not observe evidence linking PFC encoding activity to subsequent long-term serial order memory. However, both of these fMRI experiments were designed to investigate encoding mechanisms supporting long-term retention rather than the short-term maintenance of sequence information, and further study is needed to understand the relationship between these two processes.
Our results indicate a role for multiple lateral prefrontal regions in encoding the types of information that contribute to successful coarse temporal context judgments. Numerous studies have implicated the VLPFC in the encoding of item information and the DLPFC in encoding the relationships among items (Blumenfeld and Ranganath, 2006 Murray and Ranganath, 2007) . Since both item and relational information likely support coarse temporal memory, the effects in VLPFC and DLPFC fit well with these findings. However, the effects in RLPFC are relatively novel and indicate a potentially important role for this region in encoding temporal context.
Although the RLPFC was one of several regions showing increased activity during trials associated with successful coarse temporal memory judgments, changes in the spatial pattern of RLPFC activity also conveyed information about temporal context. Multivoxel patterns in both the RLPFC and VLPFC changed gradually with time, becoming increasingly dissimilar the greater the temporal distance between trials (Fig. 5) . However, only in the RLPFC did trial-to-trial pattern changes during encoding predict subsequent coarse temporal accuracy. The temporal distinctiveness of activation patterns in the RLPFC (i.e., the difference in the activation pattern between the current trial and temporally adjacent trials) was greater on trials that were associated with accurate coarse memory judgments, and this was true even when controlling for differences in activation magnitude. These results suggest that the RLPFC may support the kinds of contextual representations that have been proposed in computational models of temporal context memory (Polyn and Kahana, 2008) .
We have proposed previously that the RLPFC may be important in selecting and inhibiting cognitive sets, the high-level rule representations that specify the items and relationships relevant within a given behavioral context (Braver et al., 2003; Bunge et al., 2005; Dosenbach et al., 2007; Ranganath and Blumenfeld, 2008; Sakai, 2008) . Cognitive sets are likely to integrate many sources of information useful in specifying behavioral context; for example, goals, sensory information, and information on internal states. We speculate that by continuously updating this integrated representation, the RLPFC may help to segment ongoing experience into discrete episodes (Zacks et al., 2007) . A sudden shift in cognitive set would be expected to lead to a more distinctive contextual representation (Polyn et al., 2009b) , which may in turn facilitate memory for when the event took place (Underwood, 1977; Block, 1982) . This would explain why, in the RLPFC, trials associated with accurate coarse temporal memory are characterized by a more pronounced jump in the ongoing multivoxel pattern drift. However, this explanation is highly speculative, and future studies will be necessary to test the role we propose for RLPFC in temporal context encoding.
Hippocampus and PHC support temporal context memory
Results from lesion and physiology studies in rats suggest that the hippocampus plays a critical role in encoding temporal context information. For example, hippocampal lesions have been shown to impair memory for the order of a series of odors Kesner et al., 2002) , and activity in ensembles of hippocampal neurons during the encoding of odor sequences has been shown to predict subsequent order memory (Manns et al., 2007) . The results of the present study, along with a recent study by Tubridy and Davachi (2010) , are the first to our knowledge linking activity in the human hippocampus and PHC with the successful encoding of temporal context. Tubridy and Davachi (2010) scanned participants as they encoded serially presented word triplets and tested for triplet order memory at the end of each scanning run. They reported results very similar to our own fine temporal memory contrast, with activity in both the PHC and hippocampus that predicted triplet order memory. Although we did not find significant hippocampal activity in the fine temporal memory contrast, this could be due to a number of methodological differences between the two studies (e.g., stimulus material, study test lag, etc.).
Human neuroimaging studies have also reported activity in both the hippocampus and PHC associated with encoding other nontemporal forms of contextual information (Davachi et al., 2003; Ranganath et al., 2004; Kensinger and Schacter, 2006; Kirwan et al., 2008; Ross and Slotnick, 2008) . Based on these and other results, several researchers have suggested that the PHC might contribute to episodic memory formation by representing the spatiotemporal and semantic context in which an item was encountered (Bar and Aminoff, 2003; Davachi, 2006; Diana et al., 2007; Eichenbaum et al., 2007; Ranganath, 2010) and that the hippocampus serves to encode bound representations of item in context (Davachi, 2006; Diana et al., 2007; Eichenbaum et al., 2007; Konkel and Cohen, 2009) .
One might argue that the hippocampus and PHC encode both general familiarity and contextual associations, and that the results of the present study simply reflect a disproportionate increase in activity during the encoding of strong versus weak memories (Squire et al., 2007) . Indeed, memory strength can provide an important temporal cue, in that recent memories tend to be stronger than more remote memories (Hinrichs, 1970) . According to this interpretation, we would expect to see hippocampal activity in the coarse temporal memory analysis that is greater for trials that were judged to have occurred more recently than they actually did. However, as illustrated in Figure 4 B, activity during trials that showed a forward bias did not differ significantly from activity during trials that were biased in the opposite direction, whereas activity during accurate trials was significantly greater than during either forward-or backwardbiased trials. This suggests that activity in the hippocampus reflected the encoding of contextual information supporting accurate temporal memory but was insensitive to familiarity or overall memory strength (Cohn et al., 2009; Diana et al., 2010) .
Conclusion
The results of this study provide insight into the manner in which temporal information is encoded in the human brain and suggest the possibility that complementary encoding mechanisms may support temporal memory at different timescales. The study also demonstrates the feasibility of using multivoxel pattern analysis to study the temporal distinctiveness of neural representations, a methodological approach that could be adapted to address a number of questions about the neural representation of context.
